started research in that field, co-authoring his first paper in 1947 with G.D. Rochester (F.R.S. 1958) and C.C. Butler (F.R.S. 1961). Blackett was also becoming interested in the source of stellar and planetary magnetic fields and had revived earlier ideas of A. Schuster and H.A. Wilson that magnetism and rotation were somehow fundamentally related. He suggested to Runcorn that he should change to this new topic.
In 1919 Sir Joseph Larmor, F.R.S., had proposed the idea of the generation of magnetic fields in stars and planets by electric currents flowing in their deep interiors, and W.M. Elsasser and E.C. (later Sir Edward) Bullard, F.R.S., developed the theory of the homogeneous or self-exciting dynamo by which magnetic fields might be generated. For the Earth's magnetic field, Bullard pointed out that its origin as a fundamental result of rotation or through electric currents in the iron core could be tested by measurement of the variation with depth of the horizontal component of the field. An increase or decrease with depth would be expected according to the core or rotation theory, respectively. Blackett suggested to Runcorn that he should do this experiment, and with the assistance of A.C. Benson, A.F. Moore and D.H. Griffiths and others a very thorough study of the magnetic field on the surface and at depth in coal mines was performed in Lancashire and Yorkshire. An increase of field with depth was found, favouring the core electric current theory. In 1949 this work formed the basis for Runcorn's PhD thesis.
Meanwhile, Blackett had performed a classic laboratory experiment to detect directly any magnetic field associated with a rotating mass, obtaining a negative result. Thus, the core dynamo origin of the geomagnetic field became generally accepted, initiating much research effort to derive a comprehensive and predictive theory of the generation process.
Runcorn's introduction to palaeomagnetism, the study of the remanent magnetization of rocks, occurred during his latter days at Manchester in the late 1940s. Blackett had become interested in the subject after reading a paper on the magnetism of varved clays. He realized that the very sensitive magnetometer he had constructed to test the theory of magnetism and rotation could be used to measure the weak magnetization of rocks, and preliminary work was started. Runcorn also became interested in this line of research. Blackett subsequently moved to Imperial College, London, and commenced a programme of palaeomagnetic research there. Runcorn also left Manchester after his appointment to the post of Assistant Director of Research in the Department of Geodesy and Geophysics at Cambridge University. Thus, Runcorn completed his conversion from engineering graduate to geophysicist and embarked on a career that was to have a lasting impact on many aspects of geophysics and planetary physics.
CAMBRIDGE, 1950-56
When Runcorn joined the Department at Cambridge he was impressed by the results that J. Hospers had obtained on the direction and polarity of the natural remanent magnetization (NRM) in some Icelandic lavas, which suggested that the average geomagnetic field was aligned along the Earth's rotation axis and that the field had periodically reversed. With the aid of research students, including K.M. Creer, E. Irving (F.R.S. 1979), J.H. Parry and D.W. Collinson, palaeomagnetic research was expanded to a range of igneous and sedimentary rocks of different ages. Measurements proceeded apace on rocks from Great Britain, and Runcorn began frequent field trips to the western USA to sample red bed deposits covering long periods of geological time. Results were expressed in the form of pole positions, the position of the magnetic pole which, on the assumption of an axial, dipolar magnetic field, would give the direction of NRM observed in the rocks. The work culminated in the publication of curves for Great Britain and North America showing the apparent movement of the pole (polar wander) deduced from NRM measurements in rocks of different ages. Runcorn had been influenced by the analysis by T. Gold (F.R.S. 1964) showing that polar wander was possible in a non-rigid Earth, and he was initially reluctant to accept an alternative possibility, namely movement of the continents (continental drift). This could explain different pole positions obtained from contemporaneous rocks from different continents, and was suggested by an apparent systematic separation of the European and North American polar wander curves. Runcorn ascribed this difference initially to inaccuracies in the data, but with later improved data, the use of Fisher's statistics and a better understanding of certain features of the NRM, he became an ardent believer in continental drift and the ability of palaeomagnetism to put it on a quantitative basis. He lectured widely in the USA on this new evidence for drift, where J.W. Graham and others, and the geological establishment, were against the idea of continental mobility.
As well as his involvement in palaeomagnetism, Runcorn maintained his interest in the nature and origin of the Earth's magnetic field. It was supposed by him and others that the apparently high electrical conductivity of the lower mantle was due to semiconduction. Runcorn favoured intrinsic semiconduction as the important process, and this effect in olivine and its variation with pressure was studied experimentally by him in 1952-53. Runcorn's interest in other aspects of geomagnetism was influenced by Bullard's ideas, including the westward drift and secular variation of the field and changes in the length of the day arising from core-mantle coupling.
During this period Runcorn also turned his attention to the possibility of thermoelectric voltages across the core-mantle boundary driving electric currents that maintain the magnetic field. He pointed out that leakage currents might be detectable at the Earth's surface, producing potential gradients of the order of 1 mV km −1 . F.J. Lowes, who with P.H. Roberts (F.R.S. 1979) was working on various aspects of the geomagnetic field, attempted to measure these gradients over distances of a few hundred metres, but without success. This was due mainly to much larger variation in the contact potentials at the electrodes. Also during this Cambridge period, and later at Newcastle, Runcorn was promoting research by H. Hughes and D.C. Tozer on semiconduction in minerals, R. Hide (F.R.S. 1971) on convection in rotating fluids, P.H. Roberts on magnetohydrodynamics, and J.C. Belshe, P.M. Dubois and A.E.M. Nairn on palaeomagnetism. This could be regarded as one of the first interdisciplinary research groups in geophysics, a concept strongly supported by Runcorn.
NEWCASTLE UPON TYNE, 1956-88 In 1956 Runcorn was appointed to the Chair of Physics at King's College, University of Durham at Newcastle upon Tyne. The current research fields in the department were theoretical and solid-state physics, optics and acoustics. There was no tradition of geophysics, but there was an active Department of Geology in the college. Without delay Runcorn set about establishing a geophysics research group, with a nucleus of his Cambridge colleagues either joining him immediately or at a later date. Palaeomagnetism continued to be one of his chief interests, and measurements were started, an astatic magnetometer being moved from Cambridge and installed in a purpose-built hut on the university farm, to avoid disturbances present at a city site. Runcorn continued his summer field trips to the western USA, sampling red beds over most of the geological column and providing excellent data for the North American polar wander path.
Also at this time Runcorn became interested in using ancient, latitude-dependent wind directions to provide evidence for changes in continental latitudes. With N.D. Opdyke he studied aeolian (wind-deposited) sandstones from the western USA, deducing wind directions from bedding and structural orientations that provided evidence broadly in agreement with emerging palaeomagnetic data.
Although not directly involved in palaeomagnetic research after the mid-1960s, Runcorn encouraged its continuation and expansion in the department. Both palaeomagnetism and rock magnetism, the study of the properties of magnetic minerals, contributed substantially to the department's research output throughout his tenure of the chair. Excellent facilities were available, both on campus and in a purpose-built laboratory at Wylam, 10 miles west of Newcastle, established with the aid of a grant from the Nuffield Foundation and opened by Sidney Chapman in 1969.
Runcorn's many absences on field trips and lecturing commitments caused some concern among his departmental colleagues and the university administration, but it was a pattern that was to continue. It was not long before he was jokingly referred to as the 'Visiting Professor of Physics' or the 'Theoretical Professor of Physics', but it cannot be said that this ever bothered him. As a young boy he had had his 'bumps' read by a phrenologist, who forecast that 'he was going to cross the ocean many times and he would become well known'.
One of his early campaigns at Newcastle was to persuade the university of the need of a new physics building, and to obtain the services of Basil Spence as architect, well known at the time for his design of Coventry Cathedral. Completed in 1961, the physics building is of simple but pleasing design and has been highly successful both for its teaching and research facilities and as a conference and public lecture venue. On the roof of the building there are common-room facilities for physics and university social occasions.
In the early 1960s Runcorn turned his attention to the possibility of convection in the mantle causing continental drift, for which there was increasingly strong evidence from palaeomagnetic studies. In a letter to Nature he argued convincingly for solid-state creep in the mantle under stress derived from thermal and gravitational effects, and developed a quantitative estimate for typical convection current velocities of a few centimetres per year. He also proposed that a growing core could explain the relatively late onset of drift, which began when the appropriate convection pattern developed owing to the decrease of mantle depth.
The change in the moment of inertia of the Earth, due to a growing core, and its effect on the Earth's rotation and the length of the day, led Runcorn to consider using growth rings in certain corals to estimate the length of day in the past. This work had been pioneered by J.M. Wells, who believed that daily growth rings in certain corals could be recognized and counted, and he deduced that there had been about 400 days in the Devonian year. Furthermore, C.T. Scrutton believed he could detect monthly rings in some corals, corresponding to the lunar cycle, and thereby estimated the number of days in the Devonian month. Runcorn then showed that it should be possible to disentangle the effects of moment of inertia change and tidal friction effects on the length of the day, using the coral data on day and month lengths. To extend the data available he promoted the study at Newcastle of growth rings in modern and ancient corals. Some difficulties soon became apparent and results were inconclusive, but the work encouraged interest in growth rings, and further research elsewhere. He also looked for other methods of detecting long-term changes in the length of the day, and encouraged F.R. Stephenson to examine ancient solar eclipse data, with profitable results. This combination of astronomy, biology, geology and planetary physics in the corals research was an example of Runcorn's insight in perceiving the potential of and promoting interdisciplinary research. At the 1972 NATO Advanced Study Institute, 'Implications of continental drift for the Earth sciences', held at Newcastle, the papers presented emphasized how different disciplines were touched by the reality of continental mobility.
At this time Runcorn returned to the measurement of Earth currents, this time over the large distances made possible by using abandoned telegraph cables in the Pacific Ocean. Preliminary measurements on the Suva-Auckland and Sydney-Auckland cables showed a dominantly sinusoidal signal due to oceanic tides, with a lesser contribution from secular variations in the geomagnetic field. No significant signals indicative of deep currents were observed. Later, this work was extended to other Pacific cables but no voltages of the expected magnitude have been reported.
During the late 1960s Runcorn began the study of what was to become of abiding interest for him for nearly 30 years, namely the origin, evolution and structure of the Moon. After his work on mantle convection in the Earth, his first lunar interest was to examine whether convection could explain the discrepancy between the Moon's dynamic ellipticity, derived from Cassini's laws, and the surface ellipticity derived from the lunar librations. Already in 1962 he had pointed out that the non-hydrostatic shape of the Moon was usually ascribed to rigidity of the interior and had persisted from earlier times. In a later paper he put the convection theory of the non-hydrostatic shape on a quantitative basis, coupling it with the requirement of a lunar core to explain the existence of an appropriate convection pattern.
In 1966 lunar research was greatly encouraged through the announcement by the US National Aeronautics and Space Administration that proposals could be submitted for scientific studies of the lunar rocks to be returned by the Apollo missions. Runcorn was keen that the department should submit a proposal to extend palaeomagnetic and rock magnetic research to the lunar material, and was also active in encouraging proposals by other UK and European universities and institutes. Those of his colleagues who were interested in lunar palaeomagnetic investigations were not too optimistic about the outcome, as it was known that the present magnetic field of the Moon is very weak or zero, with no evidence of a past magnetic field from which the lunar rocks could have acquired a magnetization. However, fears that lunar palaeomagnetism would be an unproductive study proved groundless. The first samples from Apollo 11, received in October 1969, possessed a measurable magnetization, as did almost all the other samples received from the subsequent Apollo missions. The characteristics of the NRM of the basaltic samples were consistent with its acquisition in an ancient lunar magnetic field, and this conclusion was cautiously embraced by other groups investigating the NRM of the rocks. Runcorn not only favoured the existence of an ancient field, but from early in the research proposed its origin in a molten, electrically conducting lunar core. Some evidence for such an origin emerged from estimates of the strength of the field and its variation with time.
Although the data were difficult to obtain and restricted in quantity, a trend was visible in which, over the approximate period 4.0-3.2 billion years (Ga) ago, the field strength increased to a maximum ca. 3.8 Ga ago and then decayed away. This trend is consistent with the growth of a core and the onset of magnetic field generation, followed by decay of the energy source and of the field. The existence of a molten, electrically conducting core at some stage in lunar history is clearly of great interest, not only as the source of a magnetic field but also in its bearing on the structure of the Moon and its origin and evolution. Lunar palaeomagnetism emerged as one of the most interesting and significant fields of research on the Apollo rocks.
The present very weak external lunar magnetic field had previously been supposed to be the result of the lunar crust's consisting of areas of randomly directed magnetizations. However, Runcorn showed that a lunar crust uniformly magnetized in the field of an internal dipole source would give only a very weak external field. This explanation removed one of the objections to the internal-field origin. Other objections remained, though, including a lack of positive evidence for a core and whether a small core could produce the relatively large field observed. An alternative magnetization process that found some favour was local magnetization in a transient magnetic field generated during meteorite impacts on the lunar surface. This theory had no support from Runcorn. Apart from a brief flirtation with the idea that the Moon might have been permanently magnetized early in its history, in a paper authored jointly with his great friend and colleague H.C. Urey, For.Mem.R.S., in 1973, he remained a strong proponent of the lunar core dynamo process.
Runcorn's next work was concerned with resolving what had now become something of a controversy among lunar scientists. Subsatellites orbiting the Moon, released from Apollo 15 and 16 spacecraft, revealed small magnetic anomalies over the lunar surface. L.L. Hood interpreted these anomalies in terms of magnetized regions of the lunar crust in which the intensity and direction of magnetization could be inferred. Hood then expressed these results as magnetic pole positions, calculated on the assumption that the observed magnetization directions arose from and were parallel to the magnetic field of an axial dipole moment. No significant clustering of the poles was apparent, suggesting that the geometry of any global magnetizing field was not that of a dynamo-generated dipole field. Runcorn pointed out that this analysis neglected the possibility that the regions acquired their magnetizations at different times, and changes with time of the magnetizing field direction. He then showed that poles from subsets of the data were clustered about different means, and that these subsets could reasonably be assigned to three approximate ages, ca. 4.2, ca. 4.0 and ca. 3.9 Ga ago. Thus, there was evidence for a lunar dipole field at these times, and Runcorn proposed that the different mean pole positions were due to lunar polar wandering, caused by reorientation of the Moon relative to its rotation axis as a result of large crater-forming events. He further postulated that these events were associated with the impact of once circumlunar satellites. With several lines of evidence being consistent with the presence of a lunar core, the trend of variation of lunar field strength with time, and the above analysis, the existence in the past of a lunar magnetic field generated in the core has become increasingly favoured.
The possibility of magnetic field generation in small astronomical bodies occupied Runcorn's attention immediately before his death, after the discovery by the Galileo spacecraft that the small asteroids Gaspra and Ida seem to be magnetized. If their magnetization was acquired before the break-up of their parent bodies, there are some difficulties in ascribing their magnetism to dynamo action because of the likely small size of the parent bodies.
Other lunar topics to which Runcorn contributed were the possibility of unstable superheavy elements as the energy source for the lunar dynamo, the nature and origin of mass concentrations (mascons) on the Moon, lunar transient phenomena and the source of magnetic anomalies. Probably his last paper, in 1996, was entitled 'The formation of the lunar core', suggesting that the lunar core formed ca. 500 million years after the formation of the Moon.
A feature of involvement in research on the Apollo samples and other topics in planetary science is the annual Lunar and Planetary Science Conference at Houston, Texas. Runcorn was a regular attender, arguing persuasively for his latest ideas, acting as a sounding board for the work of his friends and colleagues and often overrunning the 15 minutes allowed for contributed papers.
Apart from his many contributions to lunar science, Runcorn interested himself in many other geophysical and planetary topics during the 1970s and early 1980s. His publications during this period dealt with the correlation of earthquakes and polar motions, excitation of the Chandler wobble, convection in the planets, the rotation of Jupiter, various aspects of plate tectonics, and the shape and structure of Mars. His work was sometimes not without controversy, and in 1970-73 the columns of Nature recorded a reasonably polite but deeply felt argument between Runcorn and R.A. Lyttleton, F.R.S., concerning the development of the Earth's core and changes in the Earth's radius. He was tolerant of unpopular theories and ideas and was prepared to encourage their originators to put them forward for discussion.
Before his retirement in 1988 Runcorn became interested in possible modifications to Newton's law of gravitation, the so-called 'fifth force', which had been receiving increasing attention during the 1980s. With M. Gross he investigated some possible experimental tests for the effect, including gravitational changes near a filling and emptying dry dock and measurements from a lighthouse of such changes due to tidal rise and fall of sea level. An experiment of the former type was eventually carried out at a pumped-storage reservoir in Wales, which gave a negative result.
Another interest of Runcorn's in the latter years was the European Space Agency (ESA) and planetary exploration. Although he was not involved in space instrumentation he took an active interest in many missions and in promoting future missions. Of the latter he was particularly keen on a lunar polar orbiter and a Mercury orbiter. The former, with a magnetometer on board, would enable the coverage of the lunar magnetic anomalies to be extended to the whole Moon, thus providing more data for interpretation in terms of ancient pole positions. The discovery of a significant magnetic field at Mercury during the 1973-74 Mariner mission generated much discussion as to its origin, a still-operating dynamo in a molten core or permanent crustal magnetization. Neither can be ruled out on theoretical grounds, and an orbiting magnetometer could distinguish between the two possibilities. Runcorn also played his part in the newly revived enthusiasm for seeking ways of testing fundamental physical theories in space. This has led to two major proposals by the ESA, a satellite test of the Equivalence Principle and a gravitational wave detector. During Runcorn's 32 years at Newcastle he and his colleagues established the department as a centre of geophysics teaching and research with a national and international reputation. It was the only geophysics group in the country based in a Physics Department, offering an undergraduate course (since 1979), an MSc course (since 1966) and PhD opportunities (since 1956). Both applied and global geophysics were taught and offered as research topics, as well as planetary physics. Not himself an experimentalist, Runcorn was a source of many perceptive ideas, which he pursued enthusiastically and encouraged others to work on. His frequent travels abroad, while not always endearing him to his colleagues, resulted in many fruitful scientific contacts and much good publicity for the department. Undergraduate teaching was not one of his strengths, nor PhD supervision, and regrettably lecture timetables were often of less importance to him than those of railways or airlines.
Runcorn was a keen attender of conferences and conference organizer, and he arranged many national and international meetings at Newcastle and at The Royal Society, many of the former supported by NATO. Because of his worldwide contacts these meetings were of high quality, and he was particularly keen for research students to attend them. The meetings at Newcastle also had a good reputation for their social side, which included a Lord Mayor's reception, and day and weekend trips to the surrounding countryside. Runcorn usually led one of the excursions, giving the visitors the benefit of his knowledge of his favourite attractions, such as the Roman Wall, Durham Cathedral and the tiny Saxon church at Escomb. In 1983 a meeting was held in honour of Runcorn's 60th birthday, the topics under discussion being those of particular interest to him. Many eminent visitors were invited to the department, some to give colloquia. It was not unknown for him to seem to be sleeping during a talk, but when the speaker finished he would be immediately alert and ready with pertinent questions. Runcorn did not like committee or administrative work, but occasionally adopted a cause enthusiastically, for example the separation of Newcastle and Durham as separate universities in 1963 and, more recently, enlargement of the university Senate. He would not have coped well with the bureaucracy and form-filling now associated with running a department, and his attitude would not have endeared him to the university administrators. However, in spite of this he always had the good of the university at heart and worked in various ways to maintain and improve its reputation.
Runcorn was elected a Fellow of The Royal Society in 1965 and received many other academic honours: the Napier Shaw Prize of the Royal Meteorological Society (1959), the Charles Chree Medal and Prize of the Institute of Physics (1969) , the Vetlesen Prize of Columbia University (1971), the John Adams Fleming Medal of the American Geophysical Union (1983) , a Gold Medal of the Royal Astronomical Society (1984) , and a Wegener Medal of the European Union of Geosciences (1987) . He was awarded honorary degrees by the Universities of Utrecht (1969) , Ghent (1971) , Paris (1979) and Bergen (1980) , and was elected an honorary member of the Royal Netherlands Academy of Arts and Sciences (1985) , the Royal Norwegian Society of Science and Letters (1985) , the Royal Society of New South Wales, Australia (1993), the Indian National Academy of Sciences (1980) and the Bavarian Academy of Science (1990). In 1981 he was appointed to the Papal Academy of Sciences and became closely involved in discussions leading to the reinstatement of Galileo. He subsequently lectured on several occasions on Galileo's work and downfall, a lecture said by those who heard it to be a rewarding experience. At the time of his death he was helping to organize an international conference on the origin of life for the Papal Academy.
Runcorn not only had a wide knowledge of geophysics and other sciences, but his interests embraced many aspects of the arts, religion and politics. He had a rather mixed religious background, going to a Congregational church but attending a Methodist Sunday school when a boy, and later being confirmed into the Church of England when in his early twenties. He was remarkably well informed about European history and architecture, church history and British and United States politics and institutions. Politically he was a supporter of the Liberal Party. At 12 years of age he was showing an interest in architecture, wandering around London on his own and visiting the well-known landmarks. His cultural knowledge made him a ready and interesting conversationalist, and he could as readily discuss the workings of the American Supreme Court as he could the cratering history of the Moon, or the history of Durham Cathedral and Yukawa's modification of Newton's law of gravity. When abroad he communicated extensively with friends and colleagues by means of picture postcards, often informing the recipient of an architectural gem he had visited or an item of local history that had impressed him.
Rugby and squash were particular sporting interests of Runcorn's and he played the former game for the Morpeth club for many years and was also President of the university rugby club for a period. He rarely missed the annual Oxford and Cambridge match at Twickenham. He also played squash regularly up to his retirement and afterwards. The game was a high priority for him, as witnessed by an empty chair at a committee meeting or by a distinguished visitor being left to be entertained for an hour by research students. RETIREMENT, 1988-95 Runcorn retired from the Newcastle chair in 1988 but continued working on various topics. He was appointed to the Chapman Chair of Physical Sciences at the University of Alaska in Fairbanks, where he spent three months each year, a fitting post for one for whom Chapman was an early hero. He gave an undergraduate lecture course and a graduate-level science course, covering such favourite topics of his as lunar magnetism, the fifth force and cratering in the Solar System. He continued to play squash, and swam regularly. He also had a base in the Physics Department at Imperial College of Science, Technology and Medicine, London University. He continued to travel and lecture widely, and interested himself in various research fields, including reversals of the Earth's magnetic field, planetary magnetism and lunar history and structure. At the time of his death he was on his way to the Fall Meeting of the American Geophysical Union in San Francisco, stopping off to discuss some recent results of the Galileo spacecraft's close fly-by of the Jovian satellite Io. Another of his interests, actively pursued, was the Biosphere project in Texas, in which the feasibility of humans' living in a closed, self-supporting and recycled environment is being investigated.
Runcorn was not married, and as a restless traveller the world was his home. He returned periodically to Jersey, in the Channel Islands, where his sister and mother lived, and where his ashes are now buried. His was a remarkable life, dedicated to science and one of great productivity. Modest and of unassuming friendliness, he was equally at home with a Nobel Prize winner, a first-year student and the man in the street. He inspired a generation of research students in a wide range of topics, to many of which, from the Earth's core to the outer reaches of the Solar System, he contributed significantly himself.
On 5 December 1995, Keith Runcorn was found dead in violent circumstances in his hotel room in San Diego. Thus was cut short the life of a remarkable scientist of wide scientific and cultural interests. His time at Newcastle coincided with the 'revolution in Earth sciences', when the reality of continental drift and, later, plate tectonics was established through developments in geomagnetism, palaeomagnetism, sea-floor spreading and mantle convection, to all of which Runcorn contributed to a greater or lesser extent. Over the same period he enthusiastically embraced the results of space technology to advance our knowledge of the Moon and planets. He is remembered with affection by countless friends and colleagues throughout the world.
